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Self-consistent band structure calculations were performed on nitride RuFesN in order to investigate its
magnetic and ground state properties. The Linear Muffin-Tin Orbital (LMTO) method was employed and
calculations were performed at several lattice parameters so as to obtain the RuFesN equilibrium
volume. Nonmagnetic and ferromagnetic LMTO calculations have shown that the RuFe3N stable stage is
ferromagnetic with constant lattice equilibrium of 7.2502 atomic units (a.u.). At equilibrium volume the
LMTO calculations have given magnetic moments of 1.25 and 1.63 i at Ru and Fe sites, respectively, and
no magnetic moment at N sites. The analysis of states density at equilibrium volume as well as the
results for charge transfer illustrates why this ruthenium nitride is ferromagnetic. The LMTO
calculations anticipate that the magnetic moment, the hyperfine field (the Fermi contact) and the
isomer shift show a strong dependence on the lattice spacing.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

In recent years the interest in researching new materials with
specific physical properties has been reflected in the vast number
of experimental and theoretical works carried out on electronic,
magnetic and crystallographic properties of iron-based nitrides.
Iron-based nitrides are very important due to their potential
industrial applications and for that reason several experimental
and theoretical works [1-17] have been carried out on their
electronic, magnetic, mechanical and crystallographic properties.
Likewise, it is known that iron-transition metal nitrides may be
used as hard metals to make wear-resistant materials, and iron
nitrides such as y’-Fe4N and o”-Fe N, are distinguished by their
high saturation magnetization and low coercivity [10,11]. There is
a wide range of papers dedicated to developing the alloy magnetic
structure of the perovskite-nitride y’-FesN, which shows high
coercive field [12-17].

The perovskite-nitride y'-Fe4N is fully ordered with a simple
crystallographic structure. Moreover, it is a stable nitride with iron
atoms occupying the corner (Fel) and the face-centered positions
(Fell), and nitrogen atoms occupying the body-centered positions.
It is known that few atoms can substitute iron atoms at the corner
of the cube if their chemical affinity for nitrogen atoms is weaker
than iron-nitrogen affinity. Chemical affinity between nitrogen
and another metal atom increases if this atom is on the left side of
iron in the periodic table. In spite of several experimental
difficulties in obtaining ordered substituted iron nitrides, several
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ternary iron nitrides (Fe;_yMe,FesN) can be obtained by mechan-
ical alloying, and the effects of different substitutions on
Fe,_xMeFesN ternary perovskite nitrides (where Me = Fe, Ti, V,
Cr, Mn, Au, Ag, Pd, Ni, Pt, Sn, In, Zn, Cu, Co, Al, Ru, Os, Ir) have been
reported both theoretically and experimentally using Mdssbauer
spectroscopy, magnetometry, X-ray and neutron diffraction
techniques [5-9,12-21]. In addition, atoms located on the right
side of the iron in the periodic table can be used to replace iron in
some iron nitrides in a controlled disposition, giving fully ordered
compounds such as PdFesN, AuFesN, PtFesN and NiFesN, since
these atoms replace the iron at the corner position (zero nitrogen
as the nearest neighbor).

Regarding ruthenium substitution, Modssbauer and magnetic
measurements [7] in Fe;_,Ru,FesN alloys (with 0.05<x<0.2) it is
suggested that Ru replaces Fe especially in Fel sites with no
significant change in the lattice parameter relating the Fe4yN
nitride. Magnetic measurements [7] on Fe;_xRu,FesN showed that
there is a reduction in the saturation magnetization upon
increasing the concentration of Ru. As for x = 0.2, the value
acquired was 141 emu/g at 4.2 K, or 6.22 pg per unit cell [7]. The
present work is an effort to understand the influence of
ruthenium substitution on the y’-Fe4N electronic and magnetic
properties through the calculation of the electronic structure of
fully ordered RuFesN nitride. The calculations were made by using
the self-consistent Linear Muffin-Tin Orbital method (LMTO).

Linear Muffin-Tin Orbital calculations [22,23] within the
atomic spheres approximation (LMTO-ASA) were performed in
order to obtain the magnetic and electronic structures of RuFesN-
ordered nitride. For these calculations the crystal structure of the
compound was taken as a simple cube with five atoms in the unit
cell. When Ru atoms occupy the corner sites, the Fe atoms are in
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the center of faces and the nitrogen atoms occupy sites in the
center of the cube.

Spin-polarized LMTO calculations were performed using the
Vosko-Wilk-Nusair parametrization [24] for the exchange-corre-
lation energy of the electron gas, whereas for the nonmagnetic
calculations the Hedin-Lundqvist parametrization was used [25].
Although our LMTO calculations were made without spin-orbit
interaction, they included combined correction terms [23]. On
fully ordered RuFesN nitride the Wigner-Seitz spheres (S;) around
ruthenium and iron atoms were taken so that they were of an
equal size. The Wigner-Seitz values were obtained using
4/315°S? = a® (where a is the lattice parameter). As for the
nitrogen, we took Sy = 0.5Sg. for the three nitrides. For the
nitrides the overlap between Ru (corner position) and Fe (face-
centered position) muffin-tin spheres were 0.066a, and between
N spheres and Fe or V face-centered spheres 0.080a. There was no
overlap between Ru at corner position and N spheres. The one-
electron potentials were obtained self-consistently using recipro-
cal space sums with 544 k-points. The self-consistent cycles were
carried out until energy convergence was reached on a scale better
than 0.5 mRy. The solutions of the Schrodinger equations use s, p,
d and fLMTO base functions for metals (Fe, Ru), and s, p and d base
functions for nitrogen. The densities of states (DOS) were
calculated as a sum of delta functions and a fixed number of
mesh points, and the energy window was divided into a 1500
points mesh.

2. Results and discussion

The employment of the LMTO total energy calculations method
was made on several lattice parameters so as to obtain the
equilibrium volume of the RuFesN nitride. Fig. 1 shows the results
of nonmagnetic (NM) and ferromagnetic (FM) calculations
(relative total energies in Ry and lattice spacing in atomic units).
These binding curves were obtained through an analytical fitting
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Fig. 1. Total energy curves (in Ry), versus lattice spacing (in atomic units) for the
RuFe3N nitride. FM: ferromagnetic calculations; NM: nonmagnetic calculations
(relative energies).

Table 1
Theoretical parameters for the RuFesN nitride.

AE anm apm Bnm Bem Pc
(mRy) (a.u.) (a.u.) (GPa) (GPa) (kbar)
RuFesN 29.96 71162 7.2502 296 214 172

(Theor.)

Equilibrium lattice spacing a (in atomic units); bulk modulus B (in GPa); critical
pressure in kbar.

of the calculated total energies to a third degree polynomial in
each case. From Fig. 1 it is clear that the ferromagnetic state is the
stable phase of the ordered RuFesN nitride, according to the
experimental results of Fe;_,Ru,FesN. Our calculation shows that
the difference between the nonmagnetic total energy and
ferromagnetic total energy at their respective equilibrium
volumes (AE = Eyvy—Erv) is ®30mRy per unit cell. Usually, the
critical pressure at which a ferromagnetic material undergoes a
transition to a NM state is defined as P. = —AE/AV, where AE is
per atom and AV is the difference between NM and FM
equilibrium volumes. The critical pressure (P.) definition was
first employed by P. Mohn et al. [26] in his work on magneto-
elastic anomalies in Fe-Ni Invar alloys, NiFesN and PdFe;N
nitrides [27]. We have also used this definition on the study of
magnetic transition of inter-metallic bi-layers and substituted
iron nitrides [28,29].

Table 1 shows the LMTO results for the equilibrium lattice
parameters of NM and FM states as well as the respective bulk
module and values of AE and P. for the RuFe;N. As a matter of
comparison, there is an experimental critical pressure of FesN
obtained by forced magnetostriction measurements where we
found 280 kbar [30], and the value [29] found through theoretical
calculation was 430 kbar. For PdFesN the theoretical values for P,
are 864 kbar [27] and 775kbar [29], whereas for MnFesN and
SnFesN the P, values are 263 and 621 kbar, respectively [29]. The
values of P, are a feature of Invar-like behavior [29-32] of such
nitrides (in Invar alloys nonmagnetic low-volume states are easily
accessible giving a negative thermal expansion coefficient around
room temperature). As we will see later in the study of RuFesN
magnetism under pressure, this nitride also exhibits an Invar-like
behavior.

The calculated lattice constant for FM RuFesN (Table 1)
indicates an expansion relative to the 7y’-Fe4,N (experimental
lattice constant a = 7.1713 a.u.), which is due to the slightly higher
atomic volume of ruthenium atoms. In a recent full-potential
LAPW calculation on RuFesN PADUANI [20] obtained 7.18 a.u. as
the equilibrium lattice spacing, which agrees with the experi-
ments on Fe;_yRuyFesN [7] with small amount of Ru substitution,
that is, where the maximum value of x is only 0.2. Furthermore,
the present LMTO calculation gives an equilibrium volume for the
ferromagnetic phase (a = 7.2502 a.u.) of RuFesN, which is close
to the experimental lattice spacing of PdFesN (7.2722a.u.)
in conformity with the fact that Ru and Pd atoms are second
neighbors in the periodic table having near equal atomic radii.
As shown in Table 1, the bulk modulus is visibly higher than the
bulk modulus of bcc Fe (in theory 205GPa and in experiment
173 GPa [33]).

Calculations were compared to previous ones by using LMTO in
the FeyN structure and the theoretical result of 406 GPa [29] was
obtained. The experimental result in the same structure provides
198 GPa [32]. The result obtained by using FPLAPW [34] is closer
to the experimental one since 150 GPa was found.

Table 2 presents some theoretical parameters of the RuFesN
nitride with spin polarization at equilibrium volume. The
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Table 2
Calculated parameters at equilibrium volume for the RuFesN nitride.

a(au) (1) AQ (e) Hec (kG) IS (mm/s)
7.25 Ru 1.25 0.69 —-58.5 =

Fe 1.63 -0.78 —158.9 0.502

N 0.00 1.65 31.7 =

RuFe;N 6.14 = = =

AQ in electrons; isomer shift in mm/s; hyperfine fields in kG.

experimental value for y’-Fe4N is 8.8 g per unit cell [7,35] and the
magnetic moment per unit cell decreases due to the ruthenium
substitution instead of Fe [7,35]. The present results is in
accordance with the experimental value obtained for
Fe;_sRu,FesN [7] where the magnetization is 6.2 g per formula
unit, considering x = 0.2.

The LMTO value for the magnetization of RuFesN is close to the
FPLAPW result [20], which is 6.39 . At Fe sites, the magnetic
moment decreases according to the value of Fe atoms at the face-
centered position on Fe4N, which is 2.10pp [10,34,36]. The
calculated LMTO magnetic moments at various sites shown in
Table 2 agree with the previous FPLAPW results [20], which are
0.68, 1.89 and 0.04 pp for Ru, Fe and N sites, respectively. As a
result, ruthenium substitution gives the magnetic moment per
unit a cell with the same order of other metallic substitution, e.g.
7.44 g for PdFesN [27,37]; 7.20pup for NiFesN [27]; 6.14 and
6.42 ng for AgFesN and AuFesN [15]; 7.76 g for PtFesN[38] and
6.00 pp for SnFesN [39]. Concerning charge transfer, Table 2 shows
that Fe sites are the electron-acceptors whereas N sites, in LMTO
calculations, lose a large amount of charge that occupies the
unbalanced spin-up and spin-down d states at Fe sites, thus
contributing for the lowering of the magnetic moment at these
sites. The LMTO high values reported in Table 2 for the charge
transfer may be explained by the fact that the calculated charge at
each site depends strongly on the choice of the Wigner-Seitz
spheres. In this work we have considered the Wigner-Seitz radius
of the nitrogen spheres as Sy = 0.5Sge, that is, taking relatively
small spheres around nitrogen atoms, and explaining the large
charge transfer from the nitrogen to metal atoms. For example,
previous LMTO calculations on V4N [21] showed that if we
increase the radius of nitrogen spheres from Sy = 0.55Sy to 0.70Sy,
the charge transfer from nitrogen to vanadium sites varies linearly
from -1.209 to -0.556. Such a change reveals the strong
dependence of the charge transfer with the volume of the spheres
around nitrogen atoms. We chose Sy = 0.5Sg. as this relation
gives theoretical results, which are in accordance with experi-
mental results for a series of nitrides studied earlier [15,17-19,21],
and because the convergence of the calculations are more difficult
to achieve for large nitrogen spheres, having no improvement
in the calculation of physical quantities of interest (in many cases
no convergence was achieved for Sy = 0.75Sg.). For that reason,
the results of the present calculations must be considered
as showing the trends in the charge transfer in RuFesN. Certainly,
this calculated charge transfer reflects the nitrogen-metal
and metal-metal interactions whose specific details may
be revealed, as it will be seen when analyzing the density of
states.

The partial densities of states (PDOS) at theoretical equilibrium
volume were obtained so as to investigate the trends of the
chemical bonds in the RuFesN nitride from an itinerant model
point of view. The RuFesN, the s, p and d-DOS for both spin
directions are shown in Fig. 2 for N sites. As it is seen, the s states
at these sites are located in the energy space, at energy range -0.5
to —0.25 Ry, while p states are smeared out at a range 0.20-0.75 Ry
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Fig. 2. The s, p and d-projected densities of states for spin-up and spin-down
electrons at N sites of the RuFesN nitride. Er is the Fermi energy.
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Fig. 3. The s, p and d-projected densities of states for spin-up and spin-down
electrons at Fe sites of the RuFesN nitride. Er is the Fermi energy.

and, only a very small contribution from d states to the DOS is
observed. The hybrid character of nitrogen states is not clearly
defined as the curves of PDOS are not entirely smeared out in the
energy space. For the Fe sites, the PDOS are shown in Fig. 3.
Although the s-DOS and p-DOS are small, Fig. 3 shows the form of
a structure in the DOS for s and p states (and also a small structure
in the case of d states) at energy range of -0.5 to -0.25Ry
reflecting the interactions of these states with those s states at N
sites. For Fe (face-centered position) the interactions between N p
states and Fe s states also appear as a pronounced peak in the
s-DOS at Fe sites around 0.25Ry. Thus, for RuFesN, as with Fe4N
and other nitrides (MeFesN with Me = Sn, Pd, Au, Ag, Cu, Co, Zn),
despite the strong interactions between N and Fe atoms at
centered face positions, the spin-down d-states remain
unoccupied giving a net magnetic moment on metal sites so
that these nitrides are ferromagnetic. On the other hand, as
opposed to the strong interactions between Fe and N atoms, the
PDOS at Ru sites (Fig. 4) reveals that the interactions between
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Fig. 4. The s, p and d-projected densities of states for spin-up and spin-down
electrons at Ru sites of the RuFesN nitride. Er is the Fermi energy.

these atoms and N atoms are more subtle and weak. The
interactions between s and p Ru states with p N states appear as
a small structure in the s- and p-DOS at Ru sites at energy range of
0.20-0.50Ry, which is the energy range where the p-DOS at N
sites is located (Fig. 2). The formation of magnetic moments out of
completely dislocated electrons at Ru and Fe sites is easily
explained with the aid of the d-DOS. In Figs. 3 and 4, it is seen
that for these sites the spin-up d states are fully occupied and that
some of the spin-down d states are empty. Thus, there is a
common d-band for spin-up electrons, although spin-down
electrons are partially excluded from ruthenium and iron sites,
which gives the calculated magnetic moment for each site
(Table 2). These general features of [-DOS at various sites were
also reported earlier [10,15,17-21,28] and indicate the metallic
character (itinerant electrons) of RuFesN and other iron-
substituted nitrides, that is, the use of ionic and covalent
models are not appropriate to give a good description of their
electronic structures.

Table 2 shows the calculated hyperfine fields (Hgc the Fermi
contact contribution) and isomers shifts (IS) of the RuFesN. The IS
was calculated by using the standard value [40] for the density of
the s-electrons in the core of the source. The experimental value of
Hgc at Fell sites (face-centered positions) of Fe4N nitride is -217 kG
[10], while the LMTO theoretical value is -245kG [10] and
FPLAPW theoretical values are -241KkG [20] and -185KkG [34].
The value of Hgc decreases to -212 kG in the Feg gRug>FesN nitride
[7]. This is clearly shown in Table 2 where the LMTO value for Hgc
at Fe sites agrees with the experiment and with the recent
FPLAPW results as well as the calculated value of Hgc, which is
—134kG [20].

In order to investigate the sensitivity of magnetic moments
against lattice spacing for the RuFesN nitride, the magnetic
moment was calculated for several lattice parameters simulating
pressure effects. Fig. 5 shows the behavior of the magnetic
moments at Fe and Ru sites as a function of the lattice spacing. As
it can be seen, the LMTO calculations predict that for the RuFesN
nitride, the magnetic moment at Ru and Fe sublattices decreases
to low volumes (higher pressures) with a collapse of the magnetic
moment at certain critical lattice spacing. The LMTO results have a
sudden drop in the magnetic moment showing that this system
has a transition from ferromagnetic state to a nonmagnetic state
at low volume, coming to agree with the FPLAPW results on
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Fig. 5. The magnetic moments (in g) as a function of lattice parameter (in a.u.) at
Fe and Ru sites for the RuFesN nitride.

RuFesN [20], which also show a collapse of the magnetic moment
at low volume. This transition was also observed in other
substituted iron nitrides [15,18,19,34,36,37,39] that have an
Invar-like behavior as shown by experimental results on thermal
expansion, forced magnetostriction [30,32], and applied pressure
Mossbauer spectroscopy [31]. The predicted LMTO value for the
critical pressure given in Table 1 - close to the values found for
other substituted iron nitrides - is another fact as it demonstrates
that RuFe;N has magneto-elastic effects, which is a feature of an
Invar-like material.

Our theoretical results also indicate a strong dependence of
Hgc and IS on the lattice spacing of RuFesN as shown in Fig. 6
where the values of Hgc (absolute values) and IS at Fe sites
are plotted against lattice spacing. The decrease of the absolute
value in Hgc may be related to the reduction of the contribution
on localized s-electrons to the spin density at iron nuclei.
This behavior of Hgc and IS at Fe sites that shrinks the lattice
spacing is very similar to that of gold and silver substitution
[15] as well as other metallic substitution in Fe4N and it agrees
with the FPLAPW results of Paduani [20]. The calculated value of
IS at equilibrium volume given in Table 2 (IS = 0.502 mm/s) is
greater than the IS value at face-centered Fe in Fe4N, where
experimental and theoretical values are 0.250 and 0.390 mm/s
[10]. In Fig. 6, it can be observed that the reduction of IS value
when Ru atoms are substituted by Fe atoms and viewed as a
simulation of an applied pressure in RuFesN since an increase of
s-electrons is equivalent to a reduction of d-electrons on the IS
value. The increase in the density of the s-electrons at a low-
volume nuclei correlates well with previous DVM calculations
[36] on 7y’-FeysN.
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Fig. 6. The hyperfine field (in kG) and the isomer shift (in mmy/s) as a function of
lattice parameter (in atomic units) at Fe sites of the RuFesN nitride.

3. Conclusions

The electronic structure of fully ordered RuFesN nitride was
studied using the LMTO methods. The LMTO nonmagnetic and
ferromagnetic total energy calculations give the equilibrium
lattice parameter for this compound in each phase showing that
the ferromagnetic is the stable phase, that is, RuFesN exhibits
ferromagnetic order with local magnetic moments of 1.25 pg at
ruthenium sites and 1.63 pp at iron sites and null magnetic
moment at nitrogen sites according to magnetic measurements
in FeggRug,FesN. For Fe and Ru atoms, the net magnetic
moment comes from the low occupation number of spin-down
d-electrons. The analysis of the density of states shows that the
general features of the DOS at Fe and Ru and N atoms are very
similar to those that occur in other substituted iron nitrides,
and that nitrogen interacts more strongly with Fe at face-
centered positions with very small interaction with Ru at corner
positions. The calculated magnetic moments and hyperfine
parameters at Ru and Fe sites as a function of the lattice
parameter showed that RuFesN go through a transition from a
ferromagnetic to a nonmagnetic state at low volumes (high
pressures). Therefore, the magnetism in RuFesN is sensitive to
the volume, which along with the calculated value of critical
pressure, indicates that this nitride shows an Invar-like
behavior.
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